1. Introduction {#sec1}
===============

Non-Newtonian flows have attained considerable significance due to its applications in the fields of applied science and engineering. Viscoelastic fluid is a subclass of non-Newtonian fluid that exhibit both viscous and memory effect after the removal of applied stress. Some common viscoelastic fluids are flour dough, egg white, polymers, bitumen, blood and paints. Viscoelastic impacts are primarily essential when there are abrupt changes in the strain rate as during contractions/expansions, pulsating flows and during start-up flow or stoppage. Maxwell model designates the viscoelastic effects in terms of stress relaxation time that is the time required for the elastic effects to decay. Viscoelastic materials are used in automobile bumpers, on computer drives to protect from mechanical shock, in helmets (the foam padding inside), in wrestling mats, in shoe insoles to reduce impact transmitted to a person\'s skeleton. Synthetic viscoelastic materials can be injected directly into an osteoarthritic knee, enveloping cartilage-deficient joints and acting as a lubricant and shock absorber. Abel et al. [@bib1] performed numerical computations for steady flow of Maxwell fluid in view of isothermal stretched surface. Hayat et al. [@bib2] analyzed the problem of Maxwell fluid with effects of melting heat transfer via homotopic technique. Thermally stratified flow of Maxwell fluid with radiation effect is explored by Hayat et al. [@bib3]. Mustafa et al. [@bib4] presented numerical analysis of Maxwell nanofluid over an exponentially stretched plate. Radiative flow of Maxwell fluid in addition to non-uniform heat source and slip effects is inspected by Zheng et al. [@bib5]. Hayat et al. [@bib6] investigated nonlinear convective flow of Maxwell fluid with Cattaneo-Christov double diffusion by variable thickness sheet.

Mechanism of heat and mass transport occurs naturally due to non-equilibrium state of temperature and concentration within the medium or between different objects. This process has great number of industrial and engineering applications like paper production, artificial fibers, nuclear reactor cooling system, chemical waste migration, wire drawing, extrusion processes, hot rolling distillation towers and so on. In past, remarkable efforts have been accomplished to discover system of heat and mass transport by employing renowned Fourier\'s law of heat theory [@bib7] and Fick\'s law of mass diffusion [@bib8]. Energy expression through Fourier\'s law is of parabolic type. That indicates that initial disturbance is promptly transmitted/sensed by the medium under consideration. This fact of heat transfer is identified as "paradox of heat conduction". Later, Cattaneo [@bib9] added a thermal relaxation time factor in heat expression to resolve this paradox of heat. Christov [@bib10] additionally revised Cattaneo [@bib9] theory by replacing time derivative with Oldroyd upper convective derivative. This modification is acknowledged by Cattaneo-Christov theory. The stability in thermal state in Brinkman permeable medium by Cattaneo-Christov flux model is offered by Haddad [@bib11]. Hayat et al. [@bib12] presented a comparative study of second grade and elastico-viscous fluids in view of Cattaneo-Christov heat flux theory. Waqas et al. [@bib13] examined heat transfer through Cattaneo-Christov heat flux model for generalized Burgers fluid over a stretched surface. Hayat et al. [@bib14] studied Jeffrey fluid flow subject to Cattaneo-Christov double-diffusion over a stretched surface. Some more recent research has been stated at \[[@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20], [@bib21], [@bib22], [@bib23]\].

The influence of heat generation/absorption on heat mechanism is another noteworthy aspect in view of numerous physical problems. Heat distribution is directly changed by heat generation/absorption in the fluid that consequently influenced the rate of particle deposition in the medium/system like nuclear reactors, electronic devices and semiconductors. Heat source/sink might be viewed as constant, space or temperature based. In the present situation, we will examine non-uniform heat source/sink that depends on space and temperature. Abo-Eldahab and El-Aziz [@bib24] discussed the effect of non-uniform heat source for the case of viscous fluid only. Abel et al. [@bib25] considered boundary layer flow of non-Newtonian over a stretched sheet in view of non-uniform heat source and frictional heating. Abel and Mahesha [@bib26] studied the heat transfer of a non-Newtonian viscoelastic fluid over a flat sheet in account of non-uniform heat source, variable thermal conductivity and thermal radiation. Greesha et al. [@bib27] deliberated the impact of non-uniform heat source/sink for Casson fluid model. Some significant researches related to heat source/sink are presented in the investigations \[[@bib28], [@bib29], [@bib30], [@bib31], [@bib32]\].

The mass transfer mechanism with chemical reaction and activation energy has been given marvelous attention due to its numerous applications in geothermal reservoirs, chemical engineering, thermal oil recovery, food processing and cooling of nuclear reactors. The eminent Arrhenius law ([Eq. (1)](#fd1){ref-type="disp-formula"}) is generally of the form [@bib33]:$$K = B^{\ast}\left( {T - T_{\infty}} \right)^{\widehat{p}}exp\left\lbrack {- \frac{E_{A}}{k\left( {T - T_{\infty}} \right)}} \right\rbrack,$$

In the above expression, K stands for reaction rate, $E_{A}$ for activation energy and k (=8.61 × 10⁻⁵ eV/K) for Boltzmann constant. Here factor $B^{\ast}$ defines a noticeable rise in reaction rate when temperature is enhanced. Activation energy phenomenon is frequently applicable in eminent areas such as oil reservoir engineering or geothermal. There exist few theoretical works in literature related to activation power for different flow problems. Theoretically, it is rather difficult to tackle mass transfer equation indicating the state of all involved chemical reactions in the system. According to chemical kinetic theory, this problem is over viewed by imposing the restriction of binary chemical reaction. Truesdell \[[@bib34], [@bib35]\] initially discovered the expression of thermochemical equation for mixture of materials. Bestman [@bib36] examined the impact of activation energy in naturally convective flow of binary mixture through a permeable medium. Maleque [@bib37] measured the feature of activation energy and exothermic reactions for unsteady flow of liquid past a vertical porous surface. Kandasamy et al. [@bib38] deliberated feature of heat and mass transfer along a wedge in presence of suction or injection, chemical reaction and heat source. Makinde et al. [@bib39] analyzed unsteady convective flow with radiative heat transfer and chemical reaction over a permeable flat plate.

The main objective of the present article is to investigate the nonlinearly convective flow of Maxwell nanofluid in account of activation energy, non-uniform heat source/sink and double stratification. The flow is induced due to nonlinearly stretched surface of an inclined cylinder with thermal and solutal stratification phenomena. The novelty of problem is to investigate the Cattaneo-Christov double-diffusion model for viscoelastic fluid with additional effects of space and temperature dependent heat generation/absorption, nonlinear mixed convection and duel stratification. Brownian motion and thermophoresis are also considered. The novel binary chemical reaction model is applied to portray the impact of activation energy. Solutions of highly non-linear modeled equations are accomplished by employing homotopic technique \[[@bib40], [@bib41], [@bib42], [@bib43]\]. Behaviors of various pertinent parameters on the velocity, temperature, and concentration distributions are shown graphically. Nusselt and Sherwood numbers are computed numerically for different involved parameters.

2. Model {#sec2}
========

Here we consider nonlinear convective flow of Maxwell nanofluid over an inclined stretched cylinder of radius $\text{R}_{\text{o}}$ in account of Cattaneo-Christov double-diffusion model. The cylindrical polar coordinates $\left( \widetilde{\text{r}},\text{z} \right)$ are preferred along radial and axial directions of cylinder (see [Fig. 1](#fig1){ref-type="fig"}). Flow is maintained by nonlinearly stretching velocity of the form $\text{W}_{\text{w}}\left( \text{z} \right) = \frac{\text{W}_{\text{o}}^{\text{*}}\text{z}^{\text{n}}}{\text{L}}$ with stretching rate $\text{W}_{\text{o}}^{\text{*}} > 0$. Analysis has been executed in presence of nonuniform heat source/sink, dual stratification, binary chemical reaction, nonlinear mixed convection and Arrhenius activation energy. Features of nanoparticles are also taken in the version of thermophoresis and Brownian motion. Temperature and concentration at surface of cylinder are $\text{T}_{\text{w}} = \text{T}_{\text{o}} + \frac{\text{f}_{1}\text{z}}{\text{L}}$ and $\text{C}_{\text{w}} = \text{C}_{\text{o}} + \frac{\text{f}_{3}\text{z}}{\text{L}}$. While ambient fluid temperature and concentration are stratified in the form $\text{T}_{\infty} = \text{T}_{\text{o}} + \frac{\text{f}_{2}\text{z}}{\text{L}}$ and $\text{C}_{\infty} = \text{C}_{\text{o}} + \frac{\text{f}_{4}\text{z}}{\text{L}}$ respectively. The governing equations in view of boundary layer approximation are given by Eqs. [(2)](#fd2){ref-type="disp-formula"} and [(3)](#fd3){ref-type="disp-formula"}.$$\frac{\partial}{\partial z}\left( {\widetilde{r}u_{1}} \right) + \frac{\partial}{\partial\widetilde{r}}\left( {\widetilde{r}w_{1}} \right) = 0,$$$$\left. \begin{array}{l}
{w_{1}\frac{\partial w_{1}}{\partial z} + u_{1}\frac{\partial w_{1}}{\partial\widetilde{r}} + \lambda_{m}\left( {w_{1}^{2}\frac{\partial^{2}w_{1}}{\partial z^{2}} + u_{1}^{2}\frac{\partial^{2}w_{1}}{\partial{\widetilde{r}}^{2}} + 2w_{1}u_{1}\frac{\partial^{2}w_{1}}{\partial\widetilde{r}\partial z}} \right) = \nu_{1}\frac{\partial^{2}w_{1}}{\partial{\widetilde{r}}^{2}}} \\
{+ \frac{{\widetilde{g}}_{1}}{{\widetilde{\rho}}_{f}}\left\lbrack {{\text{Ψ}_{1}\left( {T - T_{\infty}} \right) + \text{Ψ}_{2}\left( T - T_{\infty} \right)}^{2} + \text{Ψ}_{3}\left( {\text{C} - \text{C}_{\infty}} \right) + \text{Ψ}_{4}\left( \text{C} - \text{C}_{\infty} \right)}^{2} \right\rbrack\cos\phi_{1},} \\
\end{array} \right\}$$here $\left( {u_{1},w_{1}} \right)$ defines the velocities in $\left( {\widetilde{r},z} \right)$ directions respectively, $\lambda_{m}$ stands for fluid relaxation time, $\nu_{1}\left( \left( = \frac{\mu}{\widetilde{\rho}} \right)_{f} \right)$ for kinematic viscosity, $\phi_{1}$ for angle of inclination, ${\widetilde{\rho}}_{f}$ for fluid density, $L$ for characteristic length of the cylinder, ${\widetilde{g}}_{1}$ gravitational acceleration, $\left( {\text{T}_{\text{o}},\text{C}_{\text{o}}} \right)$ for reference temperature and concentration, $\left( {\text{Ψ}_{1},\text{Ψ}_{2}} \right)$ for linear and nonlinear thermal expansion coefficients, $\left( {\text{Ψ}_{3},\text{Ψ}_{4}} \right)$ for linear and nonlinear solutal expansion coefficients, respectively. Cattaneo-Christove double diffusive scheme [@bib44] is expressed in Eqs. [(4)](#fd4){ref-type="disp-formula"} and [(5)](#fd5){ref-type="disp-formula"}.$$\mathbf{q}_{1} + \psi_{e}\left\lbrack {\frac{\partial\mathbf{q}_{1}}{\partial t} + \mathbf{V}.\nabla_{1}\mathbf{q}_{1} - \mathbf{q}_{1}.\nabla_{1}\mathbf{V} + \left( {\nabla_{1}.\mathbf{V}} \right)\mathbf{q}_{1}} \right\rbrack = - {\widetilde{k}}_{1}\nabla_{1}\text{T},$$$$\ \mathbf{j}_{1} + \psi_{c}\left\lbrack {\frac{\partial\mathbf{j}_{1}}{\partial t} + \mathbf{V}.\nabla_{1}\mathbf{j}_{1} - \mathbf{j}_{1}.\nabla_{1}\mathbf{V} + \left( {\nabla_{1}.\mathbf{V}} \right)\mathbf{j}_{1}} \right\rbrack = - D_{B}\nabla_{1}\text{C},$$in above equations $D_{B}$ stands for Brownian diffusion coefficient, $\mathbf{q}_{1}$ for heat flux, ${\widetilde{k}}_{1}$ for thermal conductivity, $\ \mathbf{j}_{1}$ for mass flux, $\left( {\psi_{e},\psi_{c}} \right)$ for relaxation time of heat and mass fluxes respectively. Standard Fourier and Fick\'s laws are obtained when $\psi_{e} = \psi_{c} = 0$. For steady $\left( {\frac{\partial\mathbf{q}_{1}}{\partial t} = \frac{\partial\mathbf{j}_{1}}{\partial t} = 0} \right)$ and incompressible fluid $\left( {\nabla_{1}.\mathbf{V} = 0} \right),$ Cattaneo-Christove double diffusion expression are given by Eqs. [(6)](#fd6){ref-type="disp-formula"} and [(7)](#fd7){ref-type="disp-formula"}$$\mathbf{q}_{1} + \psi_{e}\left\lbrack {\mathbf{V}.\nabla_{1}\mathbf{q}_{1} - \mathbf{q}_{1}.\nabla_{1}\mathbf{V} + \left( {\nabla_{1}.\mathbf{V}} \right)\mathbf{q}_{1}} \right\rbrack = - {\widetilde{k}}_{1}\nabla_{1}\text{T},$$$$\mathbf{j}_{1} + \psi_{e}\left\lbrack {\mathbf{V}.\nabla_{1}\mathbf{j}_{1} - \mathbf{j}_{1}.\nabla_{1}\mathbf{V} + \left( {\nabla_{1}.\mathbf{V}} \right)\mathbf{j}_{1}} \right\rbrack = - D_{B}\nabla_{1}\text{C},$$Fig. 1Flow geometry.Fig. 1

The energy ([Eq. (8)](#fd8){ref-type="disp-formula"}) and concentration ([Eq. (9)](#fd9){ref-type="disp-formula"}) expressions in view of non-uniform heat source/sink, activation energy, Brownian motion and thermophoresis are$$\left. \begin{matrix}
{u_{1}\frac{\partial T}{\partial\widetilde{r}} + w_{1}\frac{\partial T}{\partial z} + \psi_{e}{\widehat{\text{Ω}}}_{e} = \frac{{\widetilde{k}}_{1}}{\left( {\rho\text{C}_{p}} \right)_{f}}\frac{1}{\widetilde{r}}\frac{\partial}{\partial\widetilde{r}}\left( {\widetilde{r}\frac{\partial T}{\partial\widetilde{r}}} \right) + \frac{{\widehat{q}}_{m}}{\left( {\rho\text{C}_{p}} \right)_{f}}} \\
{+ \tau_{1}\text{D}_{B}\left( {\frac{\partial\text{C}}{\partial\widetilde{r}}\frac{\partial T}{\partial\widetilde{r}}} \right) + \frac{\tau_{1}\text{D}_{T}}{T_{\infty}}\left( \frac{\partial T}{\partial\widetilde{r}} \right)^{2},} \\
\end{matrix} \right\}$$$$\left. \begin{matrix}
{u_{1}\frac{\partial\text{C}}{\partial\widetilde{r}} + w_{1}\frac{\partial\text{C}}{\partial z} + \psi_{e}{\widehat{\text{Ω}}}_{c} = \frac{\text{D}_{B}}{\widetilde{r}}\frac{\partial}{\partial\widetilde{r}}\left( {\widetilde{r}\frac{\partial\text{C}}{\partial\widetilde{r}}} \right) + \frac{\text{D}_{T}}{T_{\infty}}\frac{1}{\widetilde{r}}\frac{\partial}{\partial\widetilde{r}}\left( {\widetilde{r}\frac{\partial T}{\partial\widetilde{r}}} \right) - \overset{\smile}{k}\left( {\text{C} - \text{C}_{\infty}} \right)} \\
{- \left( {\text{C}_{w} - \text{C}_{o}} \right){\widehat{K}}_{r}^{2}\left( \frac{T}{T_{\infty}} \right)^{\widehat{p}}exp\left\lbrack {- \frac{A_{o}}{T{\overset{¨}{k}}_{1}}} \right\rbrack,} \\
\end{matrix} \right\}$$

The boundary conditions ([Eq. (10)](#fd10){ref-type="disp-formula"}) and Cattaneo-Christove expression ${\widehat{\text{Ω}}}_{e}$ and ${\widehat{\text{Ω}}}_{c}\ $ are defined in Eqs. [(11)](#fd11){ref-type="disp-formula"} and [(12)](#fd12){ref-type="disp-formula"}$$\left. \begin{matrix}
{w_{1} = \frac{W_{o}^{\ast}z^{n}}{L},u_{1} = 0,T = T_{w} = T_{o} + \frac{f_{1}z}{L},C = \text{C}_{w} = \text{C}_{o} + \frac{f_{3}z}{L}at\ \widetilde{r} = R_{o},} \\
\left. w_{1}\rightarrow 0,T\rightarrow T_{\infty} = T_{o} + \frac{f_{2}z}{L},C\rightarrow\text{C}_{\infty} = \text{C}_{o} + \frac{f_{4}z}{L}as\ \widetilde{r}\rightarrow\infty, \right. \\
\end{matrix} \right\}$$$${\widehat{\text{Ω}}}_{e} = u_{1}^{2}\frac{\partial^{2}T}{\partial{\widetilde{r}}^{2}} + w_{1}^{2}\frac{\partial^{2}T}{\partial z^{2}} + \frac{\partial T}{\partial\widetilde{r}}\left( {w_{1}\frac{\partial u_{1}}{\partial z} + u_{1}\frac{\partial u_{1}}{\partial\widetilde{r}}} \right) + \left( {w_{1}\frac{\partial w_{1}}{\partial z} + u_{1}\frac{\partial w_{1}}{\partial\widetilde{r}}} \right)\frac{\partial T}{\partial z} + 2w_{1}u_{1}\frac{\partial^{2}w_{1}}{\partial\widetilde{r}\partial z},$$$${\widehat{\text{Ω}}}_{c} = u_{1}^{2}\frac{\partial^{2}\text{C}}{\partial{\widetilde{r}}^{2}} + w_{1}^{2}\frac{\partial^{2}\text{C}}{\partial z^{2}} + \frac{\partial\text{C}}{\partial\widetilde{r}}\left( {w_{1}\frac{\partial u_{1}}{\partial z} + u_{1}\frac{\partial u_{1}}{\partial\widetilde{r}}} \right) + \left( {w_{1}\frac{\partial w_{1}}{\partial z} + u_{1}\frac{\partial w_{1}}{\partial\widetilde{r}}} \right)\frac{\partial\text{C}}{\partial z} + 2w_{1}u_{1}\frac{\partial^{2}w_{1}}{\partial\widetilde{r}\partial z},$$

The formulation of non-uniform heat source/sink ${\widehat{q}}_{m}$ [@bib45] is given by [Eq. (13)](#fd13){ref-type="disp-formula"}$${\widehat{q}}_{m} = \frac{W_{w}\left( z \right){\widetilde{k}}_{1}}{z\nu_{1}}\left\lbrack {{\widetilde{S}}_{1}\left( {T_{w} - T_{o}} \right)\frac{\partial\text{F}}{\partial\text{Λ}_{1}} + {\widetilde{S}}_{2}\left( {T - T_{\infty}} \right)} \right\rbrack,$$where ${\widetilde{S}}_{1}$ and ${\widetilde{S}}_{2}$ defines coefficients of space and temperature dependent heat source/sink, respectively. The positive case of ${\widetilde{S}}_{1}$ and ${\widetilde{S}}_{2}$ denote internal heat generation, while negative values of represent internal heat absorption. Here $\tau_{1}\left( {= \frac{\left( {\rho\text{C}_{p}} \right)_{p}}{\left( {\rho\text{C}_{p}} \right)_{f}}} \right)$ designates for specific heat ratio, $D_{T}$ for themophoretic diffusion coefficient and $\left( \text{C}_{p} \right)_{f}$ for specific heat respectively. The expression ${\widehat{K}}_{r}^{2}\left( \frac{T}{T_{\infty}} \right)^{\widehat{p}}exp\left\lbrack {- \frac{A_{o}}{T{\overset{¨}{k}}_{1}}} \right\rbrack$ is Arrhenius function with ${\overset{¨}{k}}_{1}\left( {= 8.61 \times 10^{- 5}} \right)$ as Boltzmann constant, ${\widehat{K}}_{r}^{2}$ reaction rate parameter and $\widehat{p} \in \left( {- 1,1} \right)$ fitted rate constant respectively.

According to the transformations mentioned in [Eq. (14)](#fd14){ref-type="disp-formula"}$$\left. \begin{array}{l}
{\text{Λ}_{1} = \sqrt{\frac{\left( {n + 1} \right)}{2}\frac{W_{o}^{\ast}z^{n - 1}}{L\nu_{1}}}\left( \frac{{\widetilde{r}}^{2} - R_{o}^{2}}{2R_{o}} \right),\Psi\left( \text{Λ}_{1} \right) = \sqrt{\frac{2}{\left( {n + 1} \right)}\frac{\nu_{1}W_{o}^{\ast}z^{n + 1}}{L}}\text{F}\left( \text{Λ}_{1} \right),} \\
{w_{1}\left( \text{Λ}_{1} \right) = \frac{W_{o}^{\ast}z^{n}}{L}\text{F}^{\prime}\left( \text{Λ}_{1} \right),\quad\text{Θ}_{1}\left( \text{Λ}_{1} \right) = \frac{T - T_{\infty}}{T_{w} - T_{o}},\quad\text{Φ}_{1}\left( \text{Λ}_{1} \right) = \frac{\text{C} - \text{C}_{\infty}}{\text{C}_{w} - \text{C}_{o}},} \\
{u_{1}\left( \text{Λ}_{1} \right) = \frac{R_{o}}{\widetilde{r}}\sqrt{\frac{\left( {n + 1} \right)}{2}\frac{\nu_{1}W_{o}^{\ast}z^{n - 1}}{L}}\left\lbrack {\text{F}\left( \text{Λ}_{1} \right) + \text{Λ}_{1}\left( \frac{n - 1}{n + 1} \right)\text{F}^{\prime}\left( \text{Λ}_{1} \right)} \right\rbrack,} \\
\end{array} \right\}$$

The flow expressions in view of above mentioned transformations are presented by Eqs. [(15)](#fd15){ref-type="disp-formula"}, [(16)](#fd16){ref-type="disp-formula"}, and [(17)](#fd17){ref-type="disp-formula"} along with transformed boundary conditions ([Eq. (18)](#fd18){ref-type="disp-formula"})$$\left. \begin{array}{l}
{\left( {1 + 2\widehat{\gamma}\text{Λ}_{1}} \right)\text{F}^{\prime\prime\prime} - \frac{2n}{n + 1}\text{F}^{\prime 2} + \frac{2}{n + 1}\xi_{1}\left\lbrack {\left( {1 + {\widetilde{\beta}}_{t}\text{Θ}_{1}} \right)\text{Θ}_{1} + {\widetilde{N}}_{1}\left( {1 + {\widetilde{\beta}}_{c}\text{Φ}_{1}} \right)\text{Φ}_{1}} \right\rbrack\cos\phi_{1}} \\
{+ \text{FF}^{''} + \widehat{\gamma}\text{F}^{''} - \xi\left\lbrack \begin{array}{l}
{\frac{\left( {n + 1} \right)}{2}\left( {\text{F}^{\prime\prime\prime}\text{F}^{2} + \widehat{\gamma}\left( {1 + 2\widehat{\gamma}\text{Λ}_{1}} \right)^{- 1}\left( {\text{F} + \text{Λ}_{1}\frac{n - 1}{n + 1}\text{F}^{\prime}} \right)^{2}} \right)\text{F}^{''}} \\
{- \left( {3n - 1} \right)\text{F}^{''}\text{F}^{\prime}\text{F} + \frac{2n\left( {n - 1} \right)}{n + 1}\text{F}^{\prime 3} - \left( \frac{n - 1}{2} \right)\text{Λ}_{1}\text{F}^{\prime 2}\text{F}^{''}} \\
\end{array} \right\rbrack = 0,} \\
\end{array} \right\}$$$$\left. \begin{array}{l}
{\left( {1 + 2\widehat{\gamma}\text{Λ}_{1}} \right)\left\lbrack {\text{Θ}_{1}^{''} + \Pr{\widetilde{\text{N}}}_{\text{b}}\left( {\text{Θ}_{1}^{\prime}\text{Φ}_{1}^{\prime} + \frac{{\widetilde{\text{N}}}_{\text{t}}}{{\widetilde{\text{N}}}_{\text{b}}}\text{Θ}_{1}^{\prime 2} + Ec\text{F}^{''2}} \right)} \right\rbrack + 2\widehat{\gamma}\text{Θ}_{1}^{\prime} + Pr\text{FΘ}_{1}^{\prime}} \\
{- Pr\text{Υ}_{e}\left\lbrack {\frac{n + 1}{2}\left( {\text{Θ}_{1}^{''}\text{F}^{2} - \text{FF}^{\prime}\text{Θ}_{1}^{\prime}} \right) + \frac{2}{n + 1}\left( {{\widetilde{P}}_{1} + \text{Θ}_{1}} \right)\left( {\text{nF}^{\prime 2} - \frac{n + 1}{2}\text{FF}^{''}} \right)} \right\rbrack} \\
{+ \frac{2}{n + 1}\left( {{\widetilde{S}}_{1}\text{F}^{\prime} + {\widetilde{S}}_{2}\text{Θ}_{1}} \right) - \frac{2}{n + 1}Pr\left( {{\widetilde{P}}_{1} + \text{Θ}_{1}} \right)\text{F}^{\prime} = 0,} \\
\end{array} \right\}$$$$\left. \begin{array}{l}
{\left( {1 + 2\widehat{\gamma}\text{Λ}_{1}} \right)\text{Φ}_{1}^{''} + 2\widehat{\gamma}\text{Φ}_{1}^{\prime} + Sc\text{FΦ}_{1}^{\prime} + \frac{{\widetilde{N}}_{t}}{{\widetilde{N}}_{b}}\left\lbrack {\left( {1 + 2\widehat{\gamma}\text{Λ}_{1}} \right)\text{Θ}_{1}^{''} + 2\widehat{\gamma}\text{Θ}_{1}^{\prime}} \right\rbrack -} \\
{Sc\text{Υ}_{c}\left\lbrack {\left( \frac{n + 1}{2} \right)\left( {\text{Φ}_{1}^{''}\text{F}^{2} - \text{FF}^{\prime}\text{Φ}_{1}^{\prime}} \right) + \frac{2}{n + 1}\left( {{\widetilde{P}}_{2} + \text{Φ}_{1}} \right)\left( {n\text{F}^{\prime 2} - \frac{n + 1}{2}\text{FF}^{''}} \right)} \right\rbrack -} \\
{\frac{2}{n + 1}Sc\left( {\left( {{\widetilde{P}}_{2} + \text{Φ}_{1}} \right)\text{F}^{\prime} + \gamma_{1}\text{Φ}_{1}} \right) - Sc\text{Υ}_{3}\left( {1 + {\widetilde{\delta}}_{1}\text{Θ}_{1}} \right)^{\widehat{p}}exp\left\lbrack {- \frac{E_{o}}{1 + {\widetilde{\delta}}_{1}\text{Θ}_{1}}} \right\rbrack = 0,} \\
\end{array} \right\}$$$$\left. \begin{matrix}
{\text{F}^{\prime}\left( 0 \right) = 1,\quad\text{F}\left( 0 \right) = 0,\quad\text{Θ}_{1}\left( 0 \right) = 1 - {\widetilde{P}}_{1},\quad\text{Φ}_{1}\left( 0 \right) = 1 - {\widetilde{P}}_{2},} \\
\left. \text{F}^{\prime}\left( \infty \right)\rightarrow 0,\quad\text{Θ}_{1}\left( \infty \right)\rightarrow 0,\quad\text{Φ}_{1}\left( \infty \right)\rightarrow 0, \right. \\
\end{matrix} \right\}$$where $\xi$ stands for Deborah number in terms of relaxation time, ${\widetilde{\beta}}_{c}$ non-linear mixed convection parameter for concentration, ${\widetilde{N}}_{1}$ for ratio of concentration to thermal buoyancy forces, $E_{o}$ for activation energy parameter, $Gr$ Grashof number for temperature, $\text{Υ}_{c}$ for non-dimensional solutal relaxation time, Grashof number for concentration, $Pr$ for Prandtl number, ${\widetilde{N}}_{t}$ thermophoresis parameter, $\text{Υ}_{3}$ for reaction rate constant, $Sc$ Schmidt number, $\gamma_{1}$ for chemical reaction, ${\widetilde{\delta}}_{1}$ temperature difference, ${\widetilde{P}}_{2}$ for solutal stratification parameter, $\widehat{\gamma}$ for curvature parameter, ${\widetilde{\beta}}_{t}$ for non-linear convection parameter for temperature, ${\widetilde{P}}_{1}$ for thermal stratification parameter, $\xi_{1}$ for mixed convection parameter, $\text{Υ}_{e}$ for non-dimensional thermal relaxation time, $Ec$ for Eckert number and ${\widetilde{N}}_{b}$ for Brownian motion parameter, respectively.

These dimensionless quantities are defined in [Eq. (19)](#fd19){ref-type="disp-formula"}$$\left. \begin{array}{l}
{\xi = \frac{\lambda_{m}W_{o}^{\ast}z^{n - 1}}{L},\mspace{9mu}{\widetilde{\beta}}_{c} = \frac{\Psi\left( {C_{w} - C_{o}} \right)}{\Psi_{3}},\mspace{9mu}{\widetilde{N}}_{1} = \frac{\widetilde{G}r}{Gr} = \frac{\Psi_{3}\left( {C_{w} - C_{o}} \right)}{\Psi_{1}\left( {T_{w} - T_{o}} \right)},} \\
{E_{o} = \frac{A_{o}}{T_{\infty}{\overset{¨}{k}}_{1}},\ \text{Y}_{c} = \frac{W_{o}^{\ast}\psi_{c}z^{n - 1}}{L},\ Gr = \frac{{\widetilde{g}}_{1}\Psi_{1}\left( {T_{w} - T_{o}} \right)z^{3}}{v_{1}^{2}},\ \gamma_{1} = \frac{\overset{\smile}{k}L}{W_{o}^{\ast}z^{n - 1}},} \\
{\mathit{\Pr} = \frac{\left( {\mu C_{p}} \right)_{f}}{{\widetilde{k}}_{1}},\ \widetilde{G}r = \frac{{\widetilde{g}}_{1}\Psi_{3}\left( {C_{w} - C_{o}} \right)z^{3}}{v_{1}^{2}},\ \text{Y}_{3} = \frac{L{\widehat{K}}_{r}^{2}}{W_{o}^{\ast}z^{n - 1}},\ Sc = \frac{v_{1}}{D_{B}},} \\
{{\widetilde{N}}_{t} = \frac{\tau_{1}D_{T}\left( {T_{w} - T_{o}} \right)}{T_{\infty}v_{1}},\ {\widetilde{\delta}}_{1} = \frac{\left( {T_{w} - T_{o}} \right)}{T_{\infty}},\ {\widetilde{P}}_{2} = \frac{f_{4}}{f_{3}},\ {\widetilde{\beta}}_{t} = \frac{\Psi_{2}\left( {T_{w} - T_{o}} \right)}{\Psi_{1}},} \\
{\widehat{\gamma} = \sqrt{\frac{2}{n + 1}\frac{Lv_{1}}{R_{o}^{2}W_{o}^{\ast}}z^{- \frac{n - 1}{2}},{\widetilde{P}}_{1} = \frac{f_{2}}{f_{1}},\xi_{1} = \frac{Gr}{Re_{z}^{2}} = \frac{L^{2}\Psi_{1}\left( {T_{w} - T_{o}} \right){\widetilde{g}}_{1}}{W_{o}^{\ast 2}z^{2n - 1}}},} \\
{Ec = \frac{W_{w}^{2}}{C_{p}\left( {T_{w} - T_{o}} \right)},\ \text{Y}_{e} = \frac{W_{o}^{\ast}\psi_{e}z^{n - 1}}{L},\ {\widetilde{N}}_{b} = \frac{\tau_{1}D_{B}\left( {C_{w} - C_{o}} \right)}{v_{1}},} \\
\end{array} \right\}$$

Skin friction coefficient ${\widetilde{\text{C}}}_{\text{F}}$, Nusselt $\widetilde{N}u_{z}$ and Sherwood numbers $\widetilde{S}h_{z}$ are given by [Eq. (20)](#fd20){ref-type="disp-formula"}$${\widetilde{\text{C}}}_{\text{F}} = \frac{2\tau_{w}}{\widetilde{\rho}W_{w}^{2}},\mspace{9mu}\widetilde{N}u_{z} = \frac{zq_{w}}{{\widetilde{k}}_{1}\left( {T_{w} - T_{o}} \right)},\mspace{9mu}\widetilde{S}h_{z} = \frac{zj_{w}}{\text{D}_{B}\left( {\text{C}_{w} - \text{C}_{o}} \right)},$$where wall shear stress, wall heat and mass flux are defined in [Eq. (21)](#fd21){ref-type="disp-formula"}$$\tau_{w} = \left| {\left( {1 + \xi} \right)\frac{\partial w_{1}}{\partial\widetilde{r}}} \right|_{\widetilde{r} = R_{o}},\quad q_{w} = - \left| {{\widetilde{k}}_{1}\frac{\partial T}{\partial\widetilde{r}}} \right|_{\widetilde{r} = R_{o}},\quad j_{w} = - \left| {\text{D}_{B}\frac{\partial\text{C}}{\partial\widetilde{r}}} \right|_{\widetilde{r} = R_{o}},$$

Using Eqs. [(14)](#fd14){ref-type="disp-formula"} and [(21)](#fd21){ref-type="disp-formula"} in [Eq. (20)](#fd20){ref-type="disp-formula"}, we obtain [Eq. (22)](#fd22){ref-type="disp-formula"}$$\left. \begin{array}{l}
{\frac{1}{2}\ {\widetilde{\text{C}}}_{\text{F}}\left( {Re_{z}} \right)^{\frac{1}{2}} = \left( \frac{n + 1}{2} \right)^{\frac{1}{2}}\left( {1 + \xi} \right)\text{F}^{''}\left( 0 \right),} \\
{\widetilde{N}u_{z}\left( {Re_{z}} \right)^{- \frac{1}{2}} = - \left( \frac{n + 1}{2} \right)^{\frac{1}{2}}\text{Θ}_{1}^{\prime}\left( 0 \right),} \\
{\widetilde{S}h_{z}\left( {Re_{z}} \right)^{- \frac{1}{2}} = - \left( \frac{n + 1}{2} \right)^{\frac{1}{2}}\text{Φ}_{1}^{\prime}\left( 0 \right),} \\
\end{array} \right\}$$

in which local Reynold number is defined by [Eq. (23)](#fd23){ref-type="disp-formula"}$$Re_{z} = \frac{z^{n + 1}W_{o}^{\ast}}{L\nu_{1}}.$$

3. Methodology {#sec3}
==============

The selected initial approximations $\left( {\text{F}^{{^\circ}}\left( \text{Λ}_{1} \right),\text{Θ}_{1}^{{^\circ}}\left( \text{Λ}_{1} \right),\text{Φ}_{1}^{{^\circ}}\left( \text{Λ}_{1} \right)} \right)$ and linear operators $\left( {\text{£}_{\text{F}},\text{£}_{\text{Θ}_{1}},\text{£}_{\text{Φ}_{1}}} \right)$ are presented by Eqs. [(24)](#fd24){ref-type="disp-formula"} and [(25)](#fd25){ref-type="disp-formula"}$$\left. \begin{matrix}
{\text{F}^{{^\circ}}\left( \text{Λ}_{1} \right) = 1 - \exp\left( {- \text{Λ}_{1}} \right),\ {\ \ \text{Θ}}_{1}^{{^\circ}}\left( \text{Λ}_{1} \right) = \left( {1 - {\widetilde{P}}_{1}} \right)\exp\left( {- \text{Λ}_{1}} \right),} \\
{\text{Φ}_{1}^{{^\circ}}\left( \text{Λ}_{1} \right) = \left( {1 - {\widetilde{P}}_{2}} \right)\exp\left( {- \text{Λ}_{1}} \right),} \\
\end{matrix} \right\}\ $$$$\text{£}_{\text{F}}\left\lbrack \text{F} \right\rbrack = \text{F}^{\prime\prime\prime} - \text{F}^{\prime},\quad\text{£}_{\text{Θ}_{1}}\left\lbrack \text{Θ}_{1} \right\rbrack = {\text{Θ}_{1}}^{''} - \text{Θ}_{1},\quad\text{£}_{\text{Φ}_{1}}\left\lbrack \text{χ}_{1} \right\rbrack = {\text{Θ}_{1}}^{''} - \text{Φ}_{1},$$

with associated properties ([Eq. (26)](#fd26){ref-type="disp-formula"})$$\left. \begin{array}{l}
{\text{£}_{\text{F}}\left\lbrack {{\widehat{q}}_{1}exp\left( {- \text{Λ}_{1}} \right) + {\widehat{q}}_{2} + {\widehat{q}}_{3}exp\left( \text{Λ}_{1} \right)} \right\rbrack = 0,} \\
{\text{£}_{\text{Θ}_{1}}\left\lbrack {{\widehat{q}}_{4}exp\left( {- \text{Λ}_{1}} \right) + {\widehat{q}}_{5}exp\left( \text{Λ}_{1} \right)} \right\rbrack = 0,} \\
{\text{£}_{\text{Φ}_{1}}\left\lbrack {{\widehat{q}}_{6}exp\left( {- \text{Λ}_{1}} \right) + {\widehat{q}}_{7}exp\left( \text{Λ}_{1} \right)} \right\rbrack = 0.} \\
\end{array} \right\}$$

According to procedure (see Ref. [@bib46]), the general solutions ([Eq. (27)](#fd27){ref-type="disp-formula"}) interms of special solutions $\left( {{\widehat{\text{F}}}_{m}\left( \text{Λ}_{1} \right),\ \ {\widehat{\text{Θ}}}_{1m}\left( \text{Λ}_{1} \right),\ \ {\widehat{\text{Φ}}}_{1m}\left( \text{Λ}_{1} \right)} \right)$ are$$\left. \begin{array}{l}
{\text{F}_{m}\left( \text{Λ}_{1} \right) = {\widehat{\text{F}}}_{m} + {\widehat{q}}_{1}exp\left( {- \text{Λ}_{1}} \right) + {\widehat{q}}_{2} + {\widehat{q}}_{3}exp\left( \text{Λ}_{1} \right),} \\
{\text{Θ}_{1m}\left( \text{Λ}_{1} \right) = {\widehat{\text{Θ}}}_{1m} + {\widehat{q}}_{4}exp\left( {- \text{Λ}_{1}} \right) + {\widehat{q}}_{5}exp\left( \text{Λ}_{1} \right),} \\
{\text{Φ}_{1m}\left( \text{Λ}_{1} \right) = {\widehat{\text{Φ}}}_{1m} + {\widehat{q}}_{6}exp\left( {- \text{Λ}_{1}} \right) + {\widehat{q}}_{7}exp\left( \text{Λ}_{1} \right).} \\
\end{array} \right\}$$

where ${\widehat{q}}_{j}\left( {j = 1 - 7} \right)$ are the arbitrary constants given by [Eq. (28)](#fd28){ref-type="disp-formula"}$$\left. \begin{array}{l}
{{\widehat{q}}_{1} = - {\widehat{\text{F}}}_{m}\left( 0 \right) + \left. \frac{\partial{\widehat{\text{F}}}_{m}}{\partial\text{Λ}_{1}} \right|_{\text{Λ}_{1} = 0},\ {\widehat{q}}_{2} = \left. \frac{\partial{\widehat{\text{F}}}_{m}}{\partial\text{Λ}_{1}} \right|_{\text{Λ}_{1} = 0},\mspace{9mu}{\widehat{q}}_{4} = - \left. {{\widehat{\text{Θ}}}_{1m}\left( \text{Λ}_{1} \right)} \right|_{\text{Λ}_{1} = 0}} \\
{{\widehat{q}}_{6} = - \left. {{\widehat{\text{Φ}}}_{1m}\left( \text{Λ}_{1} \right)} \right|_{\text{Λ}_{1} = 0},\ \quad\quad{\widehat{q}}_{3} = {\widehat{q}}_{5} = {\widehat{q}}_{7} = 0.} \\
\end{array} \right\}$$

4. Analysis {#sec4}
===========

The nonlinear flow problem is examined through homotopic technique for convergent solution. In this method, auxiliary parameters are involved which provide great freedom to adjust the convergence region for velocity $\text{F}^{''}\left( 0 \right)$, temperature $\text{Θ}_{1}^{\prime}\left( 0 \right)$ and concentration $\text{Φ}_{1}^{\prime}\left( 0 \right)$ profiles. Therefore, $\text{h} -$curves of $20^{\text{th}}$ order approximation are shown in [Fig. 2](#fig2){ref-type="fig"}. It is noticed that permissible values of $\text{h}_{\text{F}},\quad\text{h}_{\text{Θ}_{1}}$ and $\text{h}_{\text{Φ}_{1}}$ lie in the ranges $\left( {- 1.7 \leq \text{h}_{\text{F}} \leq - 0.7} \right),\mspace{9mu}\left( {- 1.6 \leq {\ \text{h}}_{\text{Θ}_{1}} \leq - 0.9} \right)$ and $\left( {- 1.5 \leq \text{h}_{\Gamma} \leq - 0.8} \right).$ Convergence of the derived solutions is studied from [Table 1](#tbl1){ref-type="table"} to highlight $26^{\text{th}},\mspace{9mu} 30^{\text{th}}\mspace{9mu}\text{and}\mspace{9mu}\ 20^{\text{th}}$ order of approximations for $\text{F}^{''}\left( 0 \right),\mspace{9mu}\text{Θ}_{1}^{\prime}\left( 0 \right)$ and $\text{Φ}_{1}^{\prime}\left( 0 \right)$ respectively. Fixed values of emerging parameters for present analysis are $\widehat{\text{γ}} = \text{ξ} = {\widetilde{\text{P}}}_{1} = \text{Υ}_{\text{c}} = 0.3,\mspace{16mu}\text{Pr} = \text{Sc} = 1.5,\mspace{16mu}{\widetilde{\text{β}}}_{\text{t}} = {\widetilde{\text{P}}}_{2} = {\widetilde{\text{S}}}_{1} = {\widetilde{\text{β}}}_{\text{c}} = \text{Υ}_{\text{e}} = {\widetilde{\text{S}}}_{2} = 0.2,\mspace{16mu}\text{Υ}_{3} = {\widetilde{\text{N}}}_{1} = \text{E}_{\text{o}} = {\widetilde{\text{δ}}}_{1} = 1.0,\mspace{9mu}\text{p} = {\widetilde{\text{N}}}_{\text{t}} = \text{n} = \text{ξ}_{1} = {\widetilde{\text{N}}}_{\text{b}} = 0.5,\mspace{9mu}\text{γ}_{1} = 0.9,\mspace{9mu}\text{Ec} = 1.0$ and $\phi_{1} = \frac{\text{π}}{4}$. [Table 2](#tbl2){ref-type="table"} is constructed for numerical values of local Nusselt $\text{Nu}_{\text{z}}$ and Sherwood $\text{Sh}_{\text{z}}$ numbers for diverse emerging parameters. It is noticed that larger values of $\text{Υ}_{\text{e}}$, Pr and ${\widetilde{\text{P}}}_{2}$ corresponds to the enhancement of Nusselt number however it diminishes for greater values of ${\widetilde{\text{S}}}_{1}$, ${\widetilde{\text{N}}}_{\text{t}},\mspace{9mu}{\widetilde{\text{P}}}_{1}$ and $\text{Υ}_{\text{c}}.$ It is perceived that Sherwood number rises with the increase in $\text{Υ}_{\text{e}},\mspace{9mu}{\widetilde{\text{N}}}_{\text{b}},\mspace{9mu}{\widetilde{\text{P}}}_{2}$, Pr and ${\widetilde{\text{S}}}_{1}$ while it declines when ${\widetilde{P}}_{1}$ and ${\widetilde{N}}_{t}$ are enhanced. Here negative signs of Nusselt and Sherwood numbers characterize the transfer of heat and mass from cylindrical surface to the fluid (i.e., normal to the surface). Tables [3](#tbl3){ref-type="table"} and [4](#tbl4){ref-type="table"} are computed to compare numerical results of $\text{F}^{''}\left( 0 \right)$ and $\text{Θ}_{1}^{\prime}\left( 0 \right)$ with published results. It is perceived that present results are in good match with the previous solutions.Fig. 2$h_{\text{F}},\ \ h_{\Theta_{1}}$ and $h_{\Phi_{1}} - curves$.Fig. 2Table 1Numerical convergence of $\text{F}^{''}\left( 0 \right),\mspace{9mu}\text{Θ}_{1}^{\prime}\left( 0 \right)$ and $\text{Φ}_{1}^{\prime}\left( 0 \right)$ when $\widehat{\gamma} = \xi = {\widetilde{P}}_{1} = \text{Υ}_{\mathbf{c}} = 0.3,\mspace{9mu} Pr = Sc = 1.5,\mspace{9mu}{\widetilde{\beta}}_{\mathbf{t}} = {\widetilde{P}}_{2} = {\widetilde{S}}_{1} = {\widetilde{\beta}}_{\mathbf{c}} = \text{Υ}_{\mathbf{e}} = {\widetilde{S}}_{2} = 0.2,\mspace{2mu}\text{Υ}_{3} = {\widetilde{N}}_{1} = E_{\mathbf{o}} = {\widetilde{\delta}}_{1} = 1.0,\mspace{9mu} p = {\widetilde{N}}_{\mathbf{t}} = n = \xi_{1} = {\widetilde{N}}_{\mathbf{b}} = 0.5,\ \mspace{9mu}\gamma_{1} = 0.9,\mspace{9mu}\text{Ec} = 1.0\mspace{9mu}\mathbf{a}\mathbf{n}\mathbf{d}\mspace{9mu}\phi_{1} = \frac{\pi}{4}$.Table 1Approximation$- \text{F}^{''}\left( 0 \right)$$- \text{Θ}_{1}^{\prime}\left( 0 \right)$$- \text{Φ}_{1}^{\prime}\left( 0 \right)$10.386420.307450.5824750.391230.320120.58479110.396270.314260.58640160.408780.325620.58718200.414030.327660.58956260.428910.334120.58956300.428910.336940.58956360.428910.336940.58956420.428910.336940.58956Table 2Numerical values of $\widetilde{N}u_{\mathbf{z}}\left( {Re_{\mathbf{z}}} \right)^{- \frac{1}{2}}$ and $\widetilde{S}h_{\mathbf{z}}\left( {Re_{\mathbf{z}}} \right)^{- \frac{1}{2}}$ when $\gamma_{1} = 0.9$, $\widehat{\gamma} = \xi = 0.3,\mspace{9mu}\text{Υ}_{3} = {\widetilde{N}}_{1} = E_{\mathbf{o}} = {\widetilde{\delta}}_{1} = Ec = 1.0,\mspace{9mu} Sc = 1.5,\mspace{9mu}{\widetilde{\beta}}_{\mathbf{t}} = {\widetilde{\beta}}_{\mathbf{c}} = 0.2,\mspace{9mu} n = \xi_{1} = p = 0.5\mspace{9mu} and\mspace{9mu}\phi_{1} = \frac{\pi}{4}$.Table 2Pr${\widetilde{N}}_{b}$${\widetilde{N}}_{t}$${\widetilde{P}}_{1}$${\widetilde{P}}_{2}$$\text{Υ}_{c}$$\text{Υ}_{e}$${\widetilde{S}}_{1}$$- \left( \frac{n + 1}{2} \right)^{\frac{1}{2}}\text{Θ}_{1}^{\prime}\left( 0 \right)$$- \left( \frac{n + 1}{2} \right)^{\frac{1}{2}}\text{Φ}_{1}^{\prime}\left( 0 \right)$0.60.50.50.30.20.30.20.20.637430.588931.40.858560.752052.01.017721.001301.50.10.50.30.20.30.20.20.806320.058840.60.784270.874070.80.735930.989161.50.50.10.30.20.30.20.20.860940.937041.50.50.10.30.20.30.20.20.860940.937040.60.775610.498330.80.702830.120531.50.50.50.00.20.30.20.20.867190.876400.30.830110.820770.50.770590.763441.50.50.50.30.00.30.20.20.750561.275340.30.775751.341030.50.795400.845691.50.50.50.30.20.10.20.20.885660.867450.40.885390.873420.50.875200.890111.50.50.50.30.20.30.10.20.768760.858780.40.784560.874530.50.793480.883241.50.50.50.30.20.30.20.10.854320.957590.30.816720.984320.50.760431.21434Table 3Comparative analysis of present results of $–\text{F}^{''}\left( 0 \right)$ via $\xi$ when $\widehat{\gamma} = \xi_{1} = {\widetilde{\beta}}_{\mathbf{t}} = 0 = {\widetilde{\beta}}_{\mathbf{c}} = {\widetilde{N}}_{1}$ = $\phi_{1}$.Table 3$\xi$Ref. [@bib48]Ref. [@bib1]Present (HAM)0.00.9999780.9999621.000010.31.1018481.1018501.101960.61.1501601.1501631.150190.81.1966901.1966921.196761.21.2852531.2852571.285381.61.3686411.3686411.368672.01.4476161.4476171.44783Table 4Comparative analysis of present results of $- \text{Θ}_{1}^{\prime}\left( 0 \right)$ via $\text{n}\ \text{and}\ \text{Ec}$ when $\text{Pr} = 1.5.$Table 4EcnRef. [@bib47]Present (HAM)0.00.50.5952770.595381.50.5745370.574573.00.5644720.564521.00.50.5566230.556711.50.5309660.530853.00.5179770.51788

5. Results and discussion {#sec5}
=========================

In this section, we will examine in detail the role of various flow variables on velocity $\text{F}^{\prime}\left( \text{Λ}_{1} \right)$, temperature $\text{Θ}_{1}^{\prime}\left( \text{Λ}_{1} \right)$, concentration $\text{Φ}_{1}^{\prime}\left( \text{Λ}_{1} \right)$, heat transfer rate and mass transfer Nusselt number in graphical and tabulated frame. Figs.3, [4](#fig4){ref-type="fig"}, [5](#fig5){ref-type="fig"}, [6](#fig6){ref-type="fig"}, and 7 are revealed to show the influence of $\widehat{\gamma},\ \xi,\ {\widetilde{\beta}}_{t},\ {\widetilde{\beta}}_{c}\ and\ \phi_{1}$ on F′(Λ1). Velocity profile decreases near the surface of cylinder while it enhances away from the surface. [Fig. 3](#fig3){ref-type="fig"} shows the feature of curvature parameter $\widehat{\gamma}$ on $\text{F}^{\prime}\left( \text{Λ}_{1} \right)$. Velocity profile vanishes asymptotically at some large values of. It is also prominent that boundary layer thickness increases. For greater estimation of, the radius of cylinder gradually decreases. So contact surface area of cylinder with the fluid decreases, which offers less resistance to the fluid motion. Therefore, $\text{F}^{\prime}\left( \text{Λ}_{1} \right)$ increases. Impacts of Deborah number $\xi$ on $\text{F}^{\prime}\left( \text{Λ}_{1} \right)$ are presented in [Fig. 4](#fig4){ref-type="fig"}. It is observed that velocity profile declines for greater values of $\xi$. In fact, higher values of $\xi$ correspond to an enhancement in relaxation time that produces more resistance to the fluid flow. Ultimately $\text{F}^{\prime}\left( \text{Λ}_{1} \right)$ decreases. Variations of ${\widetilde{\beta}}_{t}\ \text{and}\ {\widetilde{\beta}}_{c}$ on velocity distribution $\text{F}^{\prime}\left( \text{Λ}_{1} \right)$ are shown in Figs. [5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}. For higher estimation of ${\widetilde{\beta}}_{t}$, movement of fluid particle increases. In fact, for greater ${\widetilde{\beta}}_{t}$ the temperature difference $\left( {T_{w} - T_{\infty}} \right)$ increases which is accountable for velocity enhancement. Increasing trends of velocity $\text{F}^{\prime}\left( \text{Λ}_{1} \right)$ is also observed for greater ${\widetilde{\beta}}_{c}$ (see [Fig. 6](#fig6){ref-type="fig"}). [Fig. 7](#fig7){ref-type="fig"} portrays the decreasing trend of $\ \text{F}^{\prime}\left( \text{Λ}_{1} \right)\ $ against an angle of inclination φ₁. Since inverse relation exist between velocity profile and an inclination φ₁. Thus, influence of gravity lessens for greater $\phi_{1}$ about z-axis that brings decline trend in velocity field within the range of boundary layer. Figs. [8](#fig8){ref-type="fig"}, [9](#fig9){ref-type="fig"}, [10](#fig10){ref-type="fig"}, [11](#fig11){ref-type="fig"}, [12](#fig12){ref-type="fig"}, [13](#fig13){ref-type="fig"}, [14](#fig14){ref-type="fig"}, and [15](#fig15){ref-type="fig"} are sketched to examine the temperature profile Θ₁(Λ₁) for different values of Behavior of temperature $\text{Θ}_{1}\left( \text{Λ}_{1} \right)$ for larger estimation of Ec is displayed in [Fig. 8](#fig8){ref-type="fig"}. One can observe that temperature $\text{Θ}_{1}\left( \text{Λ}_{1} \right)$ is an increasing function of Ec. For greater Ec, fluid friction generates rapidly that converts mechanical energy to thermal energy and as a result $\text{Θ}_{1}\left( \text{Λ}_{1} \right)$ increases. The temperature variation against thermal relaxation parameter $\text{Υ}_{e}$ is displayed in [Fig. 9](#fig9){ref-type="fig"}. Here both temperature and thermal layer thickness are reduced via greater values of ${\ \text{Υ}}_{e}$. Since material particle takes more time for heat transfer to its neighboring particles due to thermal relaxation enhancement. [Fig. 10](#fig10){ref-type="fig"} reveals the effect of Brownian motion parameter ${\widetilde{N}}_{b}$ on $\text{Θ}_{1}\left( \text{Λ}_{1} \right)$. Increase in temperature $\text{Θ}_{1}\left( \text{Λ}_{1} \right)$ and apposite boundary layer thickness is found for greater marks of ${\widetilde{N}}_{b}$ (see [Fig. 5](#fig5){ref-type="fig"}). In fact, additional heat is generated due to random motion of liquid molecules within the frame of higher ${\widetilde{N}}_{b}$. Therefore, temperature $\text{Θ}_{1}\left( \text{Λ}_{1} \right)$ upsurges. Behavior of thermal stratification parameter ${\widetilde{P}}_{1}$ on $\text{Θ}_{1}\left( \text{Λ}_{1} \right)$ is sketched in [Fig. 11](#fig11){ref-type="fig"}. Higher estimation of ${\widetilde{P}}_{1}$ reduces the temperature and thermal boundary layer thickness. This is due to the fact that the temperature difference $\left( {T_{w} - T_{\infty}} \right)$ gradually decreases which causes a reduction in the temperature $\text{Θ}_{1}\left( \text{Λ}_{1} \right)$ profile. Variation of on temperature $\text{Θ}_{1}\left( \text{Λ}_{1} \right)$ is portrayed in [Fig. 12](#fig12){ref-type="fig"}. Here $\text{Θ}_{1}\left( \text{Λ}_{1} \right)$ and related boundary thickness are noticeably increased for larger $\ {\widetilde{N}}_{t}$. Quick flows of fluid particles are established far away from cylindrical surface due to thermophoretic force caused by the temperature gradient. Due to which fluid that is more heated is shifted away from the surface and consequently as ${\widetilde{N}}_{t}$ increases, the temperature $\text{Θ}_{1}\left( \text{Λ}_{1} \right)$ inside the boundary layer upsurges. [Fig. 13](#fig13){ref-type="fig"} reveals that temperature and thermal boundary layer thickness are diminished prominently for larger Pr. Since, Prandtl number is the ratio of momentum to thermal diffusivities. Increase in Prandtl number corresponds to weaker thermal diffusivity and stronger momentum diffusivity that consequently lowers the temperature profile. [Fig. 14](#fig14){ref-type="fig"} is plotted to examine the temperature against distinct irregular heat parameter $\ \ {\widetilde{S}}_{1}$. Here $\text{Θ}_{1}\left( \text{Λ}_{1} \right)$ boost up for higher marks of $\ {\widetilde{S}}_{1}$. In fact, it produces more thermal boundary thickness that becomes a source to generate heat. Hence enlargement in $\text{Θ}_{1}\left( \text{Λ}_{1} \right)$ is pragmatic. Effect of space and temperature dependent heat source/sink parameters $\ {\widetilde{S}}_{1}$ and $\ {\widetilde{S}}_{2}$ on temperature $\text{Θ}_{1}\left( \text{Λ}_{1} \right)$ are represented in Figs. [14](#fig14){ref-type="fig"} and [15](#fig15){ref-type="fig"}. It is analyzed from these figures that more heat is produced for larger estimation of $\ {\widetilde{S}}_{1} > 0$ and $\ {\widetilde{S}}_{2} > 0$. Due to which temperature field enhances in both cases. Figs. [16](#fig16){ref-type="fig"}, [17](#fig17){ref-type="fig"}, [18](#fig18){ref-type="fig"}, [19](#fig19){ref-type="fig"}, [20](#fig20){ref-type="fig"}, [21](#fig21){ref-type="fig"}, [22](#fig22){ref-type="fig"}, [23](#fig23){ref-type="fig"}, [24](#fig24){ref-type="fig"}, and [25](#fig25){ref-type="fig"} examine the influences of ${\widetilde{N}}_{t},\ {\ \text{Υ}}_{c},\ \ Sc,\ \text{Υ}_{3},\ \ {\widetilde{N}}_{b},\ \gamma_{1},\ \ E_{o},\ \ {\widetilde{\delta}}_{1},\ {\widetilde{P}}_{2}\ \text{and}\ {\widetilde{S}}_{1}\ \text{on}\ \text{Φ}_{1}\left( \text{Λ}_{1} \right).$ [Fig. 16](#fig16){ref-type="fig"} illustrates the effect of ${\widetilde{N}}_{t}$ on ${\ \text{Φ}}_{1}\left( \text{Λ}_{1} \right)$. Enhancing behavior of concentration $\text{Φ}_{1}\left( \text{Λ}_{1} \right)\ $ and boundary thickness is found for increasing values of ${\widetilde{N}}_{t}$. Existence of nanoparticles in fluid is in good agreement for the development of thermal conductivity. Such advanced thermal conductivity specifies the rise in concentration profile. Concentration distribution $\text{Φ}_{1}\left( \text{Λ}_{1} \right)\ $ in frame of solutal relaxation time ${\ \text{Υ}}_{c}$ is displayed in [Fig. 17](#fig17){ref-type="fig"}. Here concentration $\text{Φ}_{1}\left( \text{Λ}_{1} \right)\ $ diminishes due to controlling influence of ${\ \ \text{Υ}}_{c}$. Impact of Schmidt number Sc on $\text{Φ}_{1}\left( \text{Λ}_{1} \right)\ $ is disclosed through [Fig. 18](#fig18){ref-type="fig"}. Here $\text{Φ}_{1}\left( \text{Λ}_{1} \right)\ $ is found to be decreasing function of Sc. Since, there exist an inverse relation between Schmidt number and mass diffusivity, therefore greater Sc leads to weaker mass diffusivity that is accountable to lower the concentration ${\ \text{Φ}}_{1}\left( \text{Λ}_{1} \right)$ profile. Declining impact of concentration $\text{Φ}_{1}\left( \text{Λ}_{1} \right)\ $ is observed for larger $\text{Υ}_{3}$ in [Fig. 19](#fig19){ref-type="fig"}. The growing nature of $\text{Υ}_{3}$ is responsible for rise in the expression $\ \text{Υ}_{3}\left( {1 + {\widetilde{\delta}}_{1}\text{Θ}_{1}} \right)^{\widehat{p}}\ exp\left\lbrack {- \frac{E_{o}}{1 + {\widetilde{\delta}}_{1}\text{Θ}_{1}}} \right\rbrack$. Physically, destructive rate of chemical reaction upsurges for greater estimation of ${\ \text{Υ}}_{3}$. This is used to dissolve/terminate the fluid specie more efficiently. [Fig. 20](#fig20){ref-type="fig"} is remarked for the impact of ${\widetilde{N}}_{b}$ on ${\ \text{Φ}}_{1}\left( \text{Λ}_{1} \right)$. Enhancing conduct of $\text{Φ}_{1}\left( \text{Λ}_{1} \right)\ $ and relevant boundary thickness is identified for greater $\ {\widetilde{N}}_{b}$. An increase in ${\widetilde{N}}_{b}$ corresponds to more collision among liquid particles due to which concentration $\text{Φ}_{1}\left( \text{Λ}_{1} \right)\ $ reduces. Impact of generative/destructive chemical reaction $\gamma_{1}$ on concentration $\text{Φ}_{1}\left( \text{Λ}_{1} \right)\ $ is outlined in [Fig. 21](#fig21){ref-type="fig"}. There is an increase in $\text{Φ}_{1}\left( \text{Λ}_{1} \right)\ $ in vision of destructive chemical reaction variable $\ \gamma_{1} > 0$. However, opposite trend is seen for generative chemical reaction $\ \gamma_{1} < 0$. [Fig. 22](#fig22){ref-type="fig"} elucidates the increasing trend of activation energy $E_{o}$ on nanoparticle concentration ${\ \text{Φ}}_{1}\left( \text{Λ}_{1} \right)$. The modified Arrhenius function declines when $E_{o}$ increases. This eventually endorses the generative chemical reaction due to which nanoparticle concentration rises. [Fig. 23](#fig23){ref-type="fig"} shows the effect of concentration $\text{Φ}_{1}\left( \text{Λ}_{1} \right)\ $ against temperature difference parameter $\ {\widetilde{\delta}}_{1}$. Here declining role of $\ {\widetilde{\delta}}_{1}$ on $\text{Φ}_{1}\left( \text{Λ}_{1} \right)\ $ is observed. It specifies that relevant layer thickness rise when difference between surface and ambient temperature enlarges. Features of ${\widetilde{P}}_{2}$ on $\text{Φ}_{1}\left( \text{Λ}_{1} \right)\ $ are presented in [Fig. 24](#fig24){ref-type="fig"}. It is noticed that concentration $\text{Φ}_{1}\left( \text{Λ}_{1} \right)\ $ profile decreases for greater marks of P₂. Physically, it is because of difference between the surface and ambient concentration reduces for higher P~2~. Consequently, $\text{Φ}_{1}\left( \text{Λ}_{1} \right)\ $ decreases. [Fig. 25](#fig25){ref-type="fig"} empowers us to decide that growth in $\ {\widetilde{S}}_{1}$ leads to decline in concentration $\text{Φ}_{1}\left( \text{Λ}_{1} \right)\ $ curve. Physically, increasing $\ {\widetilde{S}}_{1}$ develops the thermal boundary layer thickness and hence it generates heat. That ultimately reduces fluid concentration ${\ \text{Φ}}_{1}\left( \text{Λ}_{1} \right)$. Figs. [26](#fig26){ref-type="fig"} and [27](#fig27){ref-type="fig"} are prepared to examine the impact of emerging parameterson skin friction coefficient $\text{C}_{\text{F}}$. For greater estimation of $\xi$ skin friction coefficient diminishes (see [Fig. 26](#fig26){ref-type="fig"}) while reverse behavior is observed for larger ${\widetilde{\beta}}_{c}$ (see [Fig. 27](#fig27){ref-type="fig"}).Fig. 3Response of $\text{F}^{\prime}\left( \Lambda_{1} \right)$$with\ \widehat{\gamma}$.Fig. 3Fig. 4Response of $\text{F}^{\prime}\left( \Lambda_{1} \right)$$with\mspace{9mu}\xi$.Fig. 4Fig. 5Response of $\text{F}^{\prime}\left( \text{Λ}_{1} \right)$$\text{with}\mspace{9mu}{\widetilde{\beta}}_{t}$.Fig. 5Fig. 6Response of $\text{F}^{\prime}\left( \Lambda_{1} \right)\ with$${\widetilde{\beta}}_{c}$.Fig. 6Fig. 7Response of $\text{F}^{\prime}\left( \Lambda_{1} \right)$ with $\phi_{1}$.Fig. 7Fig. 8Response of $\text{F}^{\prime}\left( \Lambda_{1} \right)$ with $Ec$.Fig. 8Fig. 9Response of $\Theta_{1}\left( \Lambda_{1} \right)\mspace{9mu} with\mspace{9mu}\Upsilon_{e}$.Fig. 9Fig. 10Response of $\Theta_{1}\left( \Lambda_{1} \right)$ with ${\widetilde{N}}_{b}$.Fig. 10Fig. 11Response of $\Theta_{1}\left( \Lambda_{1} \right)$ with ${\widetilde{P}}_{1}$.Fig. 11Fig. 12Response of $\Theta_{1}\left( \Lambda_{1} \right)$ with ${\widetilde{N}}_{t}$.Fig. 12Fig. 13Response of $\Theta_{1}\left( \Lambda_{1} \right)$ with $Pr$.Fig. 13Fig. 14Response of $\Theta_{1}\left( \Lambda_{1} \right)$ with ${\widetilde{S}}_{1}$.Fig. 14Fig. 15Response of $\Theta_{1}\left( \Lambda_{1} \right)$ with ${\widetilde{S}}_{2}$.Fig. 15Fig. 16Response of $\Phi_{1}\left( \Lambda_{1} \right)$ with ${\widetilde{N}}_{t}$.Fig. 16Fig. 17Response of $\Phi_{1}\left( \Lambda_{1} \right)$ with $\text{Υ}_{c}$.Fig. 17Fig. 18Response of $\Phi_{1}\left( \Lambda_{1} \right)$ with $Sc$.Fig. 18Fig. 19Response of $\Phi_{1}\left( \Lambda_{1} \right)$ with $\text{Υ}_{3}$.Fig. 19Fig. 20Response of $\Phi_{1}\left( \Lambda_{1} \right)$ with ${\widetilde{N}}_{b}$.Fig. 20Fig. 21Response of $\Phi_{1}\left( \Lambda_{1} \right)$ with $\gamma_{1}$.Fig. 21Fig. 22Response of $\Phi_{1}\left( \Lambda_{1} \right)$ with $E_{o}$.Fig. 22Fig. 23Response of $\Phi_{1}\left( \Lambda_{1} \right)$ with $\ {\widetilde{\delta}}_{1}$.Fig. 23Fig. 24Response of $\Phi_{1}\left( \Lambda_{1} \right)$ with ${\widetilde{P}}_{2}$.Fig. 24Fig. 25Response of $\Phi_{1}\left( \Lambda_{1} \right)$ with ${\widetilde{S}}_{1}$.Fig. 25Fig. 26Response of $0.5C_{\text{F}}\left( {Re_{z}} \right)^{0.5}\ $ with $\xi$.Fig. 26Fig. 27Response of $0.5C_{\text{F}}\left( {Re_{z}} \right)^{0.5}\ $ with ${\widetilde{\beta}}_{c}$.Fig. 27

6. Conclusion {#sec6}
=============

Here we have analyzed heat and mass transport phenomena for Maxwell nanofluid over a nonlinear stretched cylinder. The novel binary chemical reaction model is executed to describe the effect of activation energy for nonlinearly convective flow of viscoelastic fluid. The main findings are summarized as follows:•$\text{F}^{\prime}\left( \text{Λ}₁ \right)\ $ decays for higher estimation of $\xi\ \text{and}\ \phi_{1}$ while it boots up for $\widehat{\gamma}$, ${\widetilde{\beta}}_{t}$ and ${\widetilde{\beta}}_{c}$.•Higher estimation of Deborah number declines the velocity $\text{F}^{\prime}\left( \text{Λ}₁ \right)\ $ profile.•Temperature distribution declines for thermal relaxation time $\text{Υ}_{e}$ and thermal stratification parameter ${\widetilde{P}}_{1}$.•Stratification variables $\left( {{\widetilde{P}}_{1},{\widetilde{P}}_{2}} \right)$ diminish the temperature and concentration distributions.•Concentration $\text{Φ}_{1}\left( \text{Λ}_{1} \right)\ $ profile has reverse behavior for greater values of both ${\widetilde{N}}_{b}$ and ${\widetilde{N}}_{t}$.•Higher Pr results in the reduction of ${\ \text{Θ}}_{1}\left( \text{Λ}_{1} \right)$ profile while Nusselt number enhances.•Nanoparticle concentration ${\ \text{Φ}}_{1}\left( \text{Λ}_{1} \right)$ is directly proportional to the chemical reaction with activation energy.
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